Responses of adult Argentine stem weevil (ASW) to meadow fescue infected with the endophyte Neotyphodium uncinatum and to two loline alkaloids produced by the fungus were investigated. Endophyte in two different meadow fescue seed-lines did not affect adult ASW feeding scores but reduced oviposition compared with endophyte-free controls. In a no-choice experiment, adult ASW were given artificial diets containing N-formyl loline (NFL) or N-acetyl norloline (NANL) at three concentrations or a control diet with no lolines. Mortality was significantly higher at the highest rate of NFL than for lower rates and the control. For NANL, mortality was increased at both the lowest and the highest concentrations. Feeding scores were higher on control than loline diets but only after 4 weeks. In a choice experiment, NFL appeared to have no effect on ASW feeding preference, whereas there was less feeding at the highest concentration of NANL compared with the control diet.
INTRODUCTION
Argentine stem weevil (ASW) (Listronotus bonariensis (Kuschel)) remains an important pest of pasture in New Zealand (Popay & Thom 2009) . Population dynamics of the weevil, primarily mediated through the mobile adult stage, are closely linked with the availability of pasture grasses that are free of the endophytic fungus, Neotyphodium (Barker & Addison 2006) . These authors showed that protection of grasses by the fungus is important even at high rates of parasitism by the introduced parasitoid, Microctonus hyperodae. Neotyphodium endophytes affect insect pests through the production of certain alkaloids, which may have a deterrent or toxic effect.
Meadow fescue (Lolium pratense Gams, Petrini & Schmidt syn. Festuca pratensis Huds.) is not recognised as an important pasture species in New Zealand because of its poor vigour and persistence compared with ryegrass and tall fescue (Cooper 1996) . However, meadow fescue remains an important model system to study, as the grass, when infected with N. uncinatum, produces high levels of lolines and no other alkaloids (Justus et al. 1997) .
Lolines have broad-spectrum anti-insect effects (Siegel & Bush 1996; Popay & Lane 2000; Wilkinson et al. 2000; Schardl et al. 2007 ) but there is no evidence of mammalian toxicity associated with N. uncinatum-infected meadow fescue (Cooper 1996; Siegel & Bush 1996; Fletcher et al. 2000) . N-formyl loline (NFL) is the major loline alkaloid produced by N. uncinatum-infected meadow fescue, followed by N-acetyl loline (NAL) and N-acetyl norloline (NANL) (Justus et al. 1997) .
The impact of loline alkaloids on ASW adults was tested in a whole-plant bioassay, followed by artificial diet experiments that investigated concentration effects of NFL and NANL.
METHODS
Adult ASW were collected from Waikato pasture in late February 2006 for the whole plant experiment and from pasture in Manawatu in July 2008 for the artificial diet experiments. The weevils were maintained in a controlled environment room at 15°C with 16:8 h light:dark regime. Weevils were regularly provided with fresh endophyte-free ryegrass and parasitoid larvae and pupae were removed from the containers.
Whole plant experiment
On 9 May 2006 10 plants from each of two meadow fescue seed-lines (1 and 2) infected with N. uncinatum and a further 10 endophyte-free plants from a third seed-line were planted into commercial potting mix in 9 cm diameter pots. Plants were 2 months old and their endophyte status had been confirmed by staining and microscopic examination. Six adult ASW were placed onto each pot, except for two endophyte-free and one plant from each of the two seed-lines, which had eight weevils. Plants were covered with cylindrical cages constructed from acetate sheets and fabric mesh. Plants were placed in a randomised block design in a controlled environment room at 20°C with 16:8 h light:dark and watered from the base as required.
On 29 May, cage covers were removed from the plants and five randomly selected tillers were scored for adult feeding on a scale of 0 -7. Scoring was based loosely on the number of feeding scars present: 1 = < 2 feeding scars (FS), 2 = 2-5 FS, 3 = 5 -10 FS, 4 = 11-15 FS, 5 = 16 -25 FS, 6 = 26 -40 FS and 7 = >40 FS. Scoring also took into account the size of feeding scars and was carried out independently by two people, whose scores were averaged. The number of eggs on each plant was also recorded.
Data were analysed using GenStat by analysis of variance (ANOVA). Means were separated using Fisher's protected least significance test. Using only those plants on which eggs had been laid, the numbers of eggs per plant were also compared using a two sample t-test assuming equal variances.
Loline experiment
NFL was obtained by serial extraction with methanol of coarsely-milled meadow fescue seed infected with N. uncinatum and NANL from tall fescue seed infected with the N. coenophialum strain, AR542. Extracts were acidified with citric acid, concentrated and then partitioned with chloroform. The concentrated extracts were made alkaline with sodium hydroxide then extracted four more times with chloroform. Combined chloroform fractions were concentrated under reduced pressure and purified by a further cycle of acid-base partitioning, followed by isolation by vacuum distillation. Identities were confirmed by mass spectrometry. NFL was shown to be 90% pure and contained a small amount of NAL, and NANL was 95% pure. Lolines were received from AgResearch Grasslands on 5 August 2008, and frozen in a -20°C freezer.
In October 2008, NFL and NANL were added to 20 g aliquots of an agar-based diet to give concentrations in the final diet of 400, 800 or 1200 µg/g. A control diet with an amount of water equivalent to that added as loline fractions was also made. In a no-choice experiment, six adult ASW in each of 10 replicate Petri dishes were provided with 10 mm diameter plugs of diet from one of the seven treatments. Weevils were checked every 3-5 days for 45 days and the number of ASW on diet plugs, survival and a visual feeding score (0=no feeding, 10=all diet eaten) were recorded. After 28 days diet plugs were removed and replaced with new plugs of diet from the original batches, which had been stored in the fridge at 4°C.
Using the same seven treatment diets, a choice experiment was set up with nine ASW in each of six replicate Petri dishes offered a choice between one of the six loline treatments and the control diet. Diet plugs were 10 mm diameter, except in the control versus 800 µg/g NANL and the control versus 1200 µg/g NANL treatments, where plugs were only 7 mm diameter because of a shortage of diet. Weevils were monitored every 3-5 days for 17 days, as described for the no-choice experiment.
For both the choice and no-choice experiments, Petri dishes were sealed with Parafilm™ to maintain humidity and prevent weevils from escaping and were kept in a controlled environment room at 18°C with 16:8 h light:dark.
Data were analysed using GenStat by ANOVA, and treatment means compared using Tukey's test. The mean feeding score in the no-choice test was divided by the number of live weevils in the dish at each assessment in order to account for the different number of weevils per dish as a result of mortality during the trial. Feeding scores for the choice test were compared using a paired t-test of difference/SED for each treatment.
RESULTS

Whole plant experiment
There was no significant difference in either the mean adult feeding score per tiller or per plant (= mean feeding score/tiller × number of tillers) ( Table 1 ). There was a considerable difference (P=0.081) in the mean number of eggs per plant, averaged across all reps (Table 1) . Overall, eggs were laid on five endophyte-infected plants (two of seed-line 1 and three of seed-line 2) and five endophyte-free plants. Comparing just those plants on which reproductive ASW were present, an average of 5 eggs/plant was recorded on endophyte-infected plants compared with 21 eggs/plant on endophyte-free plants (P<0.05, t-test). 
Loline experiment
Survival of adult ASW was significantly affected by the presence of lolines in the diets ( Fig. 1) with mean mortality per dish of up to 57% at the high rate of NFL compared with 6.7% in weevils feeding on the control. Mortality was significantly higher (P<0.05) for weevils fed diet containing 1200 µg/g NFL than those fed on the control diet and lower rates of NFL from 28 days onwards. Conversely, mortality was significantly (P<0.05) higher in ASW fed on 400 µg/g NANL than in the control, 800 µg/g and 1200 µg/g NANL treatments from 21, 21 and 24 days respectively. Mortality in the 1200 µg/g NANL treatment was intermediate between the other two NANL treatments, and was significantly greater than the control from 43 days onwards (P<0.05).
There were no significant differences or consistent trends in the percentage of live weevils found on the diet at assessment times, except at 41 days when there were significantly fewer (P<0.05) ASW on the 1200 µg/g NANL treatment than on all other diets (data not presented).
Differences between treatments in the mean feeding score per live ASW did not become significant until after day 28, when fresh diet was provided to ASW (Fig. 2) . On day 31 feeding was significantly higher on the control diet than on the two lowest rates of NFL (P<0.01), and higher than on all concentrations of NANL. These differences were no longer significant by day 41, and on day 43 feeding was higher on 1200 µg/g NFL than on both the control and the lower rates of NFL (P<0.05). At this last assessment the mean feeding score on the control diet was not significantly different to any of the other loline diets. In the choice test, survival was not affected by the presence of the loline diets (data not shown). NFL had no significant effect on feeding by the weevils (Table 2) . Feeding scores were significantly higher on the control diet than on the diet containing the highest concentration (1200 µg/g) of NANL (P<0.01) and this difference was significant from day 6 onwards. Final feeding scores (for day 17) are presented in Table 2 . Of the ASW observed on diets at each assessment, the percentage found on the loline diet did not differ significantly between treatments (data not shown).
The higher feeding scores in the 0 versus 800 µg/g NANL and 0 versus 1200 µg/g NANL treatments were most likely an artefact of the smaller plugs of diet used in these treatments. With the visual scoring system used in this experiment, the smaller plugs would have appeared to have higher levels of feeding. 
DISCUSSION
In the experiments reported here, the presence of N. uncinatum in meadow fescue was found to have no significant effect on adult ASW feeding. NFL, the main loline derivative produced by this endophyte (Bush et al. 1993; Justus et al. 1997 ) also did not deter adult feeding even at the highest concentration of 1200 µg/g. The lack of an effect of N. uncinatum on ASW adult feeding contrasts with the results of Patchett et al. (2008a) who reported a negative relationship between adult feeding and loline concentration in a field experiment, although only a marginal difference was found in a choice test between endophyte-free and endophyte-infected plants in a laboratory experiment. Although no effect of N. uncinatum in meadow fescue on adult ASW feeding was detected, the presence of the endophyte caused a significant reduction in oviposition. This is likely to be due to the two to three-fold greater concentrations of lolines in the pseudostem, where eggs are laid, than occur in leaves, where ASW adults feed (Siegel & Bush 1996; Justus et al. 1997) . Since no deterrence by NFL was apparent, the other minor lolines, such as NANL or NAL, may be important for ASW to be able to detect the presence of lolines in infected plants. In the choice test, ASW adults showed a significant preference for feeding on the control diet over the higher concentration of NANL tested. Another possible explanation for the reduced oviposition is a direct effect of the loline alkaloids on fecundity of the weevil.
The large increase in mortality showed that NFL was toxic to ASW adults at the highest concentration. The reduction in feeding at the two lower NFL concentrations that became apparent was also probably indicative of ill health of the weevils caused by feeding on the toxin for an extended period of time. NFL appears to be a slow-acting toxin, as mortality only occurred over a long period of time, although the mortality rate may have been affected by the low amounts of feeding on the diet.
Results for NANL are less clear, given the highest mortality of ASW occurred at the lowest concentration. A possible explanation is that there was more feeding on this diet giving the weevils more exposure to the toxin. This is not supported by the data, however, with no significant feeding differences in the no-choice test and only the highest concentration of NANL significantly reducing feeding in the choice test. Further work is required to clarify these results.
Previous studies showed no toxic or deterrent effect of 100 µg/g of either NFL or NAL on adult ASW over 6 days (Popay & Latch 1993) . The present results suggest that much higher concentrations of lolines and exposure over a longer period of time are required to have an effect on the adult ASW. It is also possible, however, that the various loline alkaloids could act synergistically to increase any effect on adult ASW. The wet weight loline concentrations tested here are approximately equivalent to 3500, 7000 and 10,500 µg/g dry weight. These are much higher than the 400 µg/g dry weight of leaf material that Patchett et al. (2008a) estimated was needed to consistently deter feeding in their field experiment. Reported concentrations of lolines in herbage range from less than 100 µg/g to over 7600 µg/g (Bush et al. 1993; Justus et al. 1997; Wilkinson et al. 2000; Patchett et al. 2008a, b) . Although loline concentrations in the meadow fescue plants used in the whole plant experiment described here were not measured, concentrations in N. uncinatum-infected meadow fescue of up to 13,500 µg/g of leaf blade and >20,000 µg/g of leaf sheath have been measured (A.J. Popay, unpubl. data) . Thus the concentrations tested in the experiments here were certainly within the range that can be produced by infected plants.
Endophytes such as the commercial strains AR1 (N. lolii) in ryegrass and Max P™ (N. coenophialum) in tall fescue produce the alkaloid peramine, which is a powerful feeding deterrent to ASW (Rowan et al. 1990 ). The presence of peramine-producing endophytes like AR1 results in less adult damage to plants as well as a reduction in oviposition and subsequent larval damage . In feeding choice trials, Patchett et al. (2008a) showed that a peramine producing N. lolii strain in ryegrass strongly reduced adult ASW feeding when compared with N. uncinatum in meadow fescue. These results, together with those reported in this paper, suggest that loline alkaloids have quite a different mode of action compared to peramine, reducing oviposition without a marked effect on adult ASW feeding. While fewer eggs will decrease ASW larval populations and damage to plants, subsequent work has shown that the loline alkaloids also affect the larval stage (Popay et al. 2009 ), further contributing to the protection against ASW that N. uncinatum provides for its meadow fescue host.
